Micronuclei of Paramecium aurelia at the prophase (crescent stage) of the first meiotic division during conjugation or autogamy were characterized by an elongated, somewhat curved shape. They contained small aggregates of a fibrillar material scattered uniformly throughout the nucleoplasm and a single layer of intranuclear microtubules located close under, and adhering to, the inner nuclear membrane. These microtubules ran parallel to each other and parallel to the long axis of the micronucleus. At one end of the crescent stage micronuclei, there were two electron-dense bodies, which may function as organizing centres for microtubular assembly. During subsequent meiotic divisions the single layer of intranuclear microtubules was absent but a microtubular meiotic spindle was present.
INTRODUCTION
Ultrastructural investigations of the cytology of conjugation in the genus Paramecium have been carried out by Vivier & Andre (1961) , Andre & Vivier (1962) , Schneider (1963) , Inaba, Imamoto & Suganuma (1966) and by Stevenson (1972) . Interphase micronuclei in vegetative clones of Paramecium aurelia, and their mitosis during the binary fission, have been investigated at the ultrastructural level (Jurand & Selman, 1970 , Stevenson & Lloyd, 1971 ; and Inaba & Kudo (1972) reported observations on the division of both the microand macronucleus of Paramecium micronucleatum. Jurand & Selman (1969) summarized the order of events and the approximate duration of the consecutive stages of conjugation for P. aurelia. Meiosis takes place within the first 4 h after formation of pairs, and after two rapid meiotic divisions of both micronuclei eight haploid micronuclei are formed. In the next 13 to 2 h only one of these haploid micronuclei survives and the other seven begin to degenerate. The surviving micronucleus then divides mitotically (third pregamic division) to form two gamete pronuclei, one called the stationary or female pronucleus and the other the migratory or male pronucleus. This paper compares the ultrastructure of the micronuclei at the prophase of the first pregamic division (crescent stage micronuclei), at the second pregamic division in conjugation and autogamy, and of the gamete pronuclei at the time of exchange of the migratory nuclei during conjugation. 
METHODS
Conjugating pairs of P. aurelia consisted mainly of individuals of the mating type VII of a mutant of stock 51s (syngen 4) called 'pawn' and individuals of the mating type VIII of a nondischarge mutant, also of stock 51s. Additional observations were made on conjugating pairs from stock 31 (syngen 8) and occasionally from other stocks of this species. Corresponding mating types grown as mass cultures at 27 "C were mixed and pairs were isolated and fixed individually after 3, 4, 5 and 53 h. In addition to these individual pairs, the conjugating mass cultures were fixed in bulk after the same time intervals. Two mass cultures were also fixed after 6 and 62 h of conjugation without isolation of pairs.
For comparative studies on the ultrastructure of the micronuclei during autogamy, stock 51s of P . aurelia was used. Cultures were grown at 27 "C for 10 days (about 30 fissions) with excess of food, and then concentrated and transferred to the maintenance solution (Dryl, 1959) . Samples were tested for autogamy at intervals of 2 h by staining with I % (wlv) methyl green in 5 % (v/v) acetic acid. After 16 h, when about 80 yo of the animals were in autogamy, paramecia were concentrated, fixed and embedded.
Fixation was usually in I yo (w/v) OsO, (Jurand & Selman, 1969) . In other cases, fixation with 2 yo (w/v) glutaraldehyde solution in 0.05 M-cacodylate buffer for I h at room temperature (about 18 "C) was followed by a buffer rinse and post-fixation with OsO, as above. The material was then embedded in Araldite using a slow rotary shaker; (Jurand & Ireland, 1965) .
Blocks with single conjugating pairs were serially sectioned in planes passing through both conjugants. The mass cultures of conjugating pairs and autogamous animals were sectioned at random. Ultra-thin sections were mounted on grids coated with collodioncarbon films. Sections from material fixed with OsO, were stained with 2.5 % (w/v) uranyl acetate in I % (wiv) KMnO,. Sections from material fixed in glutaraldehyde followed by OsU, were stained with 5 % (w/v) uranyl acetate followed by lead citrate (Reynolds, 1963) .
The most suitable material for observations on the ultrastructure of micronuclei at the prophase (crescent) stage of the first meiotic division were the individual pairs fixed after known conjugation times, and conjugating mass cultures fixed 3 h from the onset of conjugation. In mass cultures fixed after 4 and 5 h, the crescent stage was found in some conjugants which were delayed in pair formation. For the second meiotic division and its products, single pairs or mass cultures fixed after 4, 5 and 53 h were used. For the observations on the gamete pronuclei, mass cultures of conjugating pairs were examined after 53, 6 and 6% h from the onset of conjugation.
RESULTS

Crescent stage
In single pairs and in mass cultures fixed 3 h after the onset of conjugation, most of the micronuclei had markedly elongated structures (up to 20 pm in length) of crescent or sickle shape. In longitudinal sections, longitudinally running folds sometimes caused the profiles of the crescent stage micronuclei to appear to consist of interconnected parallel parts of an overall crescent shape. This stage corresponded with the prophase of the first meiotic division. The number of crescent-shaped micronuclei never exceeded two. They did not contain a central region of condensed chromatin, characteristic of the vesicular interphase micronuclei of vegetative cells, nor did they show the presence of condensed chromosomes: in ultra-thin sections, their contents appeared to consist of uniformly scattered small loose aggregates of microfibrils (Fig. I) . 
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The most striking feature of the crescent stage nuclei were the microtubular elements located as a single layer under the nuclear envelope. These microtubules ran parallel to each other and parallel to the long axis of the elongated micronuclei. The midpoint-to-midpoint distance between adjacent microtubules was fairly constant, with a mean of 42 nm.
In transverse sections, these micronuclei appeared amoeboid in shape with many arms, due to the presense of longitudinally running folds (Fig. 2) . In this plane the microtubular elements were noticeable as round, regularly spaced structures, with a mean diameter of 24 nm, close to the inner nuclear membrane. Occasionally a few single microtubules were found deeper in the nucleoplasm, away from the nuclear envelope (Fig. 3) . The average number of subunits in transverse sections was 13, the same as is commonly found in microtubules of various origin (Roberts, 1974) . In tangential sections through the nuclear envelope, the microtubules formed a sheet of parallel units, which appeared and disappeared depending on the curvature of the nuclear envelope (Fig. 4) . There was no indication of any lateral bridge connections or any other material between adjacent microtubules.
At one end of the crescent stage micronucleus, serial thin sections showed two electrondense round and hollow structures, 0.2 pm in diameter. These lay inside the micronucleus, very close to the inner nuclear membrane and at the level of the sheet of microtubules (Figs. 5 and 6). They resembled the spherical condensation forms of centrioles described by Dirksen & Crocker (1966)~ but differed in not consisting of nine triplets of short segments of microtubules.
Later stages of meiosis In single pairs and in mass cultures of conjugating pairs after 4 h, some micronuclei were in prophase of the second meiotic division (Fig. 7) , or even at later stages, showing chromosomes arranged either in metaphase plates or in telophase configurations or with the chromosomes scattered throughout the whole profile of the micronucleus. The appearance depended on the stage of division and, to some extent, the plane of the section (Figs. 8, 9 and 10). The spindle of these stages consisted of microtubules virtually identical with those in the mitotic spindle. Their average diameter was about 21 nm, slightly less than the diameter of microtubules in the crescent stage micronuclei. At metaphase and anaphase, the chromosomes appeared to be attached to microtubules of the spindle at centromeric regions. Other microtubules ran unattached between the chromosomes as continuous interzonal microtubules. Centrioles have not been found in meiotic micronuclei.
The shape of the meiotic micronuclei, i.e. before the third pregamic division, depended on the phase of the division. At metaphase they were ovoid or spindle shaped and at telophase elongated or dumbbell shaped. Their diameter varied, but they were approximately 5 x 8 ,um at metaphase and 5 x 14 ,am at anaphase and telophase. The nuclear envelope of these micronuclei remained intact at all times and was of the usual type consisting of outer and inner membranes with regularly spaced nuclear pores, 120 nm from each other. The micronuclei at this stage were regarded as meiotic because all were of the same type in conjugants fixed after 4 h of conjugation, and because up to five (out of eight) almost identical nuclei have been observed in one thin section. They were always rather deep in the cytoplasm and close to the macronucleus.
Gamete pronuclei
In experiments with conjugating pairs in mass cultures fixed 54, 6 and 6% h after the beginning of conjugation, one or both gamete pronuclei were usually located in the paroral region (Fig. 11) . In general, they did not differ significantly from interphase micronuclei. However, the core of the condensed chromatin was less compact and the granular zone less obvious. Both stationary and migratory gamete pronuclei contained numerous parallel microtubules scattered in the achromatic area of low electron density (Figs. 12 and 13) . Just outside the nuclear envelope of the migratory gamete pronuclei were rather short microtubular elements, either singly or in small bundles (Fig. 14) . No such elements were found in the vicinity of the stationary gamete pronuclei or in the cytoplasm further away from the micronuclei at this stage. At the time of passage through the cytoplasmic bridge between two conjugating partners, the nuclear envelope of the migratory gamete pronucleus All bar markers represent I ,am. Fixatives used were: Figs. I and 2, I % (wlv) osmium tetroxide;
Figs. 3,4 and 5, 2.5 % (wlv) glutaraldehyde followed by osmium tetroxide. Fig. I . N-early longitudinal section through a crescent stage micronucleus in a conjugant 3 h after the beginning of conjugation. Note the obliquely sectioned longitudinal ridges (arrowed) and almost homogeneous nucleoplasm. Fig. 2 . Transverse section through a crescent stage micronucleus in a conjugant as in Fig. I . In this projection, longitudinal ridges appear as pseudopodial appendages. Note the sheet of microtubules adhering to the inner nuclear membrane. The nucleoplasm shows uniformly scattered aggregates of microfibrillar material. Fig. 3 . Transverse section through a longitudinal ridge of a crescent stage micronucleus at higher magnification. Note the transversely sectioned microtubules adhering to the inner nuclear membrane. There are also a few microtubules situated deeper in the nucleoplasm (arrowed). Fig. 4 . Tangential section through the nuclear envelope of a crescent stage micronucleus in a conjugant 3 h after the beginning of conjugation. Note the microtubules running parallel to each other and appearing and disappearing from the section according to the undulations of the nuclear envelope. Fig. 5 
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formed discrete pseudopodia at one end of the pronucleus and in the adjacent cytoplasm there were microtubular elements and possibly microfilaments (Fig. I 5) .
Autogamy
In autogamous paramecia, the crescent stage micronuclei and those undergoing meiotic divisions were ultrastructurally the same as those observed during conjugation.
DISCUSSION
In all phases of the life cycle of P. aurelia, the micronuclei contained numerous microtubules, but the way in which these were arranged depended on the phase of division. In the interphase micronuclei of vegetative cells, bundles of microtubules are always present in somewhat irregular sheets beneath the nuclear membrane (Jurand & Selman, 1969 ,1970 , and these probably act as storage of partly polymerized tubulin. In the meta-and anaphase stages of the mitotic and meiotic divisions, the microtubules formed the spindle. In the telophase of the mitotic division, the interzonal microtubules of the spindle formed a cylindrical bundle of tightly packed microtubules filling a long isthmus bounded by the nuclear envelope : this isthmus connects the future daughter nuclei (Jurand & Selman, 1969 , 1970 Stevenson & Lloyd, 1971) .
In crescent stage micronuclei, the microtubules occupied a distinctive position just under the nuclear envelope, as has been reported by Stevenson (1972)~ and probably serve as endoskeletal elements. The fine threads, observed by Jones (1956) using light microscopy, in micronuclei of this stage might have been sheets of microtubules or, perhaps more likely, the longitudinal folds of the nuclear envelope.
The electron-dense spherical structures found at one end of the crescent stage micronuclei might be the organizing centres for the large number of microtubules found in these nuclei since no other structures are present which could have this function. These structures might correspond to the X-bodies of Jones (1956).
In the migratory and the stationary gamete pronuclei, microtubules were distributed randomly throughout the nucleoplasm. Micrographs of gamete pronuclei during the nuclear exchange in Paramecium multimicronucleatum, obtained by Inaba et al. (I 966), indicate that microtubules are present in the nucleoplasm though it is difficult to be sure from the low magnification micrographs that the visible fibres are microtubular in nature. The same is true for a micrograph published by Schneider (1963) in a study of conjugation in P. aurelia. In Paramecium caudatum, however, gamete pronuclei are markedly different appearing All bar markers represent I pm. Fixative used was I yo (wlv) osmium tetroxide. Fig. 7 . Low-power micrograph showing a micronucleus in the prophase of the second meiotic division 5 h after the beginning of conjugation. Note the three major condensed chromatin masses and microtubules situated mainly in the outer region of the nucleoplasm. Fig. 8 . Micronucleus at the metaphase of the second meiotic division 5% h after the beginning of conjugation. Note the spindle shape of the micronucleus. Fig. 9 . Dumbbell-shaped micronucleus at the late anaphase of the second meiotic division with the meiotic spindle and both anaphase groups. In the lower part of the micrograph the fusion area of the paired ventral surfaces of the two conjugants is shown. Fig. 10 . Transverse section through a metaphase or anaphase micronucleus showing numerous chromosomes scattered throughout the whole interior. Between chromosomes there are many transversely-sectioned spindle microtubules which, at this magnification, appear as dots rather than circular profiles. The average diameter of the microtubules of the crescent stage of meiotic prophase micronuclei was 24 nm. In vegetative interphase micronuclei and in gamete pronuclei the diameter was 20 to 22 nm, and in mitotic and meiotic spindles microtubules were even smaller, 18 to 20 nm. These diameters are within the range of microtubule sizes reviewed by Olmsted & Borisy (1973) . The differences in diameter in the different forms of micronuclei possibly indicate that, during transition from one stage to the next, depolymerization and repolymerization of microtubular subunits occurs (Stevenson, 1972) and that microtubules have different functions at different stages of micronuclear ontogeny.
Except for the spherical electron-dense structures in crescent stage micronuclei, no proper centrioles have been found in any of the later forms of the meiotic micronuclei or in vegetative cells. Thus it appears that in P. aurelia centrioles are not essential as initiation sites for microtubular assembly. The role of initiator could possibly be played by kinetochores, as was found to be the case in grasshopper spermatocytes (Brinkley & Nicklas, 1968) .
The nature of the driving force in migration of the male pronucleus and whether it is an active or passive movement is not known (Vivier, 1974) . Figure I I suggests that the pseudopodia were formed at the rear end of the migratory pronucleus because the pellicular edges round the cytoplasmic bridge were invaginated in a particular direction, probably the direction of the migration movement. In the cytoplasm, the migratory pronuclei were surrounded by microtubules, which occurred singly or in small bundles. The function of these microtubules is unknown, but it is tempting to suggest that they are instrumental, together with pseudopodia, in providing the support for a sliding movement of the migratory pronuclei. This suggestion appears more probable because the stationary pronuclei are not surrounded by microtubules. Sabnis & Jacobs (I 967) arrived at a similar conclusion in their work on the marine alga Caulerpa prolgera. Association of movement of interphase nuclei with cytoplasmic microtubules was also shown by Holmes & Choppin (1968) in syncytia of hamster kidney cells induced by parainfluenza virus SVS. Similar movement associated with microtubules has been described for melanin granules (Bikle, Tilney & Porter, 1966) , cytoplasmic granules through the axopods in Actinospherium (Tilney, I 971)~ cytoplasmic organelles in Paramecium bursaria and tentacles of Podophrya parameciorum (Jurand & Bomford, 1965) . The presence of cytoplasmic microtubules in the vicinity of gamete pronuclei has not been reported previously, although it might be indicated in the micrograph published by Inaba et al. (1966) .
The author thanks Professor J. R. Preer, Jr, for the use of research facilities in the Department of Zoology, of Indiana University, U.S.A., where part of this work was done. Thanks All bar markers represent I pm. Fixative used was I % (wlv) osmium tetroxide. Paroral junction between two conjugants during the nuclear exchange 69 hours after the beginning of conjugation. On the left is the migratory pronucleus with its greater part in the partner on the left. The rear end of the migratory pronucleus shows a pseudopodial region. Note that the edges of the fused pellicle round the opening on both sides are bent and directed towards the partner on the left indicating the direction of the migratory movement. On the right there is another pronucleus, probably the stationary one. Fig. 12 . The same migratory pronucleus as in Fig. I I at higher magnification. Note the microtubules oriented parallel to each other and parallel to the long axis and to the direction of movement. In the middle there is a loose accumulation of the condensed chromatin. Thkpaper is dedicated to Professor T. M. Sonneborn on his 70th birthday.
